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ABSTRACT
Space cooling and heating account for almost one-third of the global energy consumption in buildings. To reduce
the energy consumption of air conditioning (AC) and heat pump (HP) systems in buildings, is using variable-speed
compressors during part-load conditions. Nonetheless, issues arise during part-load operation, as the required refrigerant charge for optimal performance is not uniquely identified and varies depending on indoor and outdoor conditions.
Moreover, the control of the expansion device at varying operating conditions and charge levels also presents unique
challenges.
In this work, an R-410A 5-ton (17.58 kW) HP unit equipped with a variable-speed rolling piston compressor and an
expander/separator has been considered to evaluate the effect of refrigerant charge during seasonal operation. The
expander/separator replaces the conventional expansion device and generates auxiliary power during the expansion
process. Using a validated and fully-tuned mechanistic steady-state HP cycle model, the refrigerant charge was increased from 4.2 kg to 5.6 kg in 0.01 kg increments for six experimental testing conditions. The results showed that
the coefficient of performance (COP) was maximized at a refrigerant charge of approximately 5 kg, with minor alterations of ±0.03 kg depending on the testing conditions. The cooling capacity increased directly with the increase in
refrigerant charge, but the expander/separator was over-flooded, and therefore the power output was reduced. These
findings illustrate the importance of developing a refrigerant charge management system due to the necessity to establish means of controlling the refrigerant charge level for various ambient conditions, especially considering that future
cooling technologies will be using low-GWP working fluids.

1. INTRODUCTION
Globally, one-third of the energy consumed in buildings is used for space cooling and heating applications (IEA, 2019).
In Kuwait, of the allocated energy supplied to buildings, approximately 70% is consumed by heating, ventilation,
air conditioning, and refrigeration (HVAC&R) (KISR, 2019). Given that significant energy demand, especially for
countries that depend primarily on fossil fuels to generate energy, it is important to explore means that can improve the
efficiency of cooling and heating systems.
The vapor compression cycle (VCC) has had many improvements over the past decades. These improvements include
19th International Refrigeration and Air Conditioning Conference at Purdue, July 10-14, 2022

2154, Page 2
the introduction of a variable-speed compressor, and innovations applied to the heat exchanger designs for both the
condenser and evaporator. In VCCs, typical expansion devices include thermostatic expansion valves (TXV) or electronic expansion valves (EXV). In this work, a novel expander/separator replaced the conventional TXV, and generates
auxiliary power during expansion, while also separating the liquid and vapor phases of the refrigerant. This expander
has been experimentally tested and optimized to increase its component performance as well as the ability of the design
to control the VCC (Barta et al., 2020, 2018; Czapla et al., 2016).
One of the main challenges that need to be addressed is optimizing the refrigerant charge in heating and cooling mode
operations. This is important, as the sudden transition to low-GWP refrigerants blends may require charge alterations
in the VCC systems. If a VCC system is either undercharged or overcharged, the system performance and efficiencies
suffer. The optimal required refrigerant charge is affected by the outdoor and indoor ambient conditions, along with
the type of refrigerant used (Li et al., 2020; Kim & Braun, 2012).
This study aims to identify the optimal refrigerant charge for the VCC system when equipped with the expander/separator
device to overcome the challenges when the system is over- or under-charged, which results in performance and cooling capacity fluctuation. Using the validated mechanistic model developed by Bahman et al. (2018) and modified by
Barta et al. (2021), the model was tuned to account for refrigerant charge alterations and the amount of work recovered
during expansion, and was thus able to obtain the expander’s electric output and both the system cooling capacity and
COP. The parametric analysis was conducted by varying the refrigerant charge for six different operating conditions
to acquire maximum system performance.

2. METHODOLOGY
Figure 1 shows the schematic of the retrofitted VCC used in cooling mode. In this cycle, the conventional TXV or
EXV was replaced with an expander/separator. The expander/separator generates power from the expansion process,
and separates the liquid and vapor refrigerant phases into two separate paths. The liquid refrigerant was directed to
the evaporator, while the vapor bypassed the evaporator to mix with the evaporator outlet flow at the variable-speed
compressor suction port, with the possibility of additional superheating using an auxiliary resistance heater for security.
All cycle components were simulated using a mechanistic model using Python (2016) programming language. The
thermodynamic properties of the working fluid (R-410A) were obtained using the CoolProp library (Bell et al., 2014).
The mechanistic model system specifications and validation can be found in Barta et al. (2021).
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Figure 1: Schematic diagram for the vapor compression cycle (VCC) retrofitted with the Expander/Separator
(Barta et al., 2021).
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2.1 Model Components
The components in Figure 1 were coded using several validated models. Starting with the variable-speed compressor,
the π-Buckingham theorem developed by Mendoza-Miranda et al. (2016) was adopted, as shown in Equation 1.
π 1 = a1 π a22 π a33 π a44 π a55 π a66 π a77

(1)

The ai values were determined by specific experimental data from the used compressor (5-ton Hitachi variable speed
rotary rolling piston). Equations 2, 3, and 4, represent the volumetric, isentropic and overall efficiencies, respectively.
The dimensionless groups (i.e., π 2 , π 3 , ...π 7 ) can be found in the work of Bahman et al. (2018).
π 1 = ηv = π −0.1257
π −0.0958
π −0.4158
2
4
5

(2)

π 1 = ηs = π 0.2166
π 0.34781
π 0.0773
π −0.03923
2
3
4
6
−0.30562 0.02766 0.76003
π 1 = ηoa = π −0.3632
π
π
π7
2
3
6

(4)

(3)

The heat exchangers (i.e., condenser and evaporator) were modeled using the ε-NTU method (Bergman et al., 2011).
The two heat exchangers adopted the moving boundary method from Bell et al. (2015) to split the heat exchanger into
elements depending on the thermodynamic region of the refrigerant (i.e., superheated, two-phase, sub-cooled liquid).
In the two-phase regions, the Zivi (1964) slip flow model was incorporated to estimate the refrigerant charge.
In the case of the evaporator, wet and dry conditions, including partially wet and dry, on the air-side have been accounted
for by employing the method developed by Braun (1988). The evaporator was separated into two segments depending
on the coil surface temperature and air dew-point. If the coil surface temperature was below the air dew-point, then
wet cooling was applied and vice versa. Both the evaporator and condenser were equipped with fans modeled from
experimental data at steady state conditions. Barta et al. (2021) provided the empirical correlations for the friction and
heat transfer coefficients as well as the heat exchangers geometrical parameters.
The expander/separator shown in Figure 2, consists of several sub-models that were experimentally validated. The
thermo-physical properties of the inlet state were measured as well as the electrical power Ẇelec output. Generator efficiency ηelec was assumed to be 88% per manufacturer recommendations and mechanical efficiency ηmech was assumed
to be 90%. Stania (2019) experimentally validated nozzle model was used to determine its isentropic efficiency ηnozzle .
The validation of the expander/separator model can be found in Barta et al. (2021).
The refrigeration lines in the cycle were also modeled to account for the pressure drop using the corrected correlation
by Churchill (1977) and heat loss using ε-NTU (Bergman et al., 2011), as implemented in the ACHP model (Bell,
2015). Finally, the accumulator was modeled to account for the heat loss by natural convection, using correlations
obtained from Bergman et al. (2011).

2.2 Charge Model
Given that the refrigerant amount estimation is subjected to change as the refrigerant flows in the heat exchangers (twophase), and some refrigerant dissolves into the compressor oil, a two-point charge tuning procedure was implemented
based on the methodology proposed and validated by Shen et al. (2009). The total refrigerant charge of the system
is given by the sum of the mass amount calculated by the cycle model and corrected by the experimental data, as
expressed in Equations 5 and 6.
mcharge = mpred + Δmliq

(5)

Δmliq = C + K (wliq,pred − wref )

(6)

with
where C, K, and wref are the coefficients which are determined through only two experimental data points to calibrate
the model. The tuning coefficients are listed in Table 1. In this study, the total mass of the refrigerant charge was
imposed into the model as an initial guess.

2.3 Overall Model
The overall model consists of all the component models, a charge model, and a pre-conditioner model. The preconditioner model was implemented to minimize the computational time and provide reasonable initial guesses for the
model. The pre-conditioner model consists of the compressor model, expander model, simplified condenser and evaporator models as per Bell (2015). More information about the overall model can be found in Barta et al. (2021).
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ṁ , h , p

,p

Nozzle

s

Vapor
Outlet

η

η

%

η

Liquid Outlet
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Figure 2: Expander schematic with sub-model efficiencies (Barta et al., 2021).
Table 1: Charge model tuning coefficients.
C [kg]
K
wref

0.987
−1.059
0.0466

3. RESULTS AND DISCUSSION
3.1 Model Tuning
Using the experimental data in Barta et al. (2021), the model was tuned using the charge input as an imposed variable.
Model tuning is important to minimize the errors due to simplification and biases that could occur. Therefore, eight
tuning parameters were used to adjust mass flow rates, heat transfer coefficients and pressure drop on both air-side
and refrigerant-side for the condenser and evaporator models as well as the separation fraction in the expander. These
multipliers were iterated upon and compared with the experimental results until the errors were minimized. The optimization problem was solved with a bounded differential evolutionary (DE) method (Storn & Price, 1997), as explained
in Figure 3.
Starting with the tuning parameters in Barta et al. (2021) as the original guesses, the model was iterated and checked
for minimum error between the experimental and simulated results. Table 2 shows the new tuning parameters, and
Figure 4 shows the mean absolute percentage error (MAPE) for the main parameters using those updated tuned multipliers.
Table 2: Adjusted tuning multipliers with the charge imposed model.
Compressor displacement scale factor
Condenser air-side convection heat transfer coefficient
Condenser refrigerant-side convection coefficient
Condenser refrigerant-side pressure drop correlation
Evaporator air-side convection heat transfer coefficient
Evaporator refrigerant-side convection coefficient
Evaporator refrigerant-side pressure drop correlation
Expander and separator vapor mass fraction

0.998
1.239
0.927
1.080
1.152
1.600
1.061
0.070
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Figure 3: Flowchart of the model tuning algorithm.
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Figure 4: Mean absolute percentage error (MAPE) of the charge imposed model using the updated tuning
multipliers.

3.2 Refrigerant Charge Effect
Starting from 4.2 kg, the refrigerant charge in this study was increased in an increment of 0.01 kg up to 5.6 kg. While
the heat pump was experimentally tested at 4.81 kg charge, and the model was validated and tuned based on the output
experimental results, it was important to understand how the system performance may change. Therefore, we focused
on the effect of varying charge amounts on expander power output, cooling capacity, mass flow rate, and system COP
(Figure 5). Initially, it can be seen that the increase of the refrigerant charge reduced both the expander power output
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(Figure 5a) and the mass flow rate (Figure 5b), but and increased the cooling capacity along with the compressor power
input.
At higher refrigerant charges, the expander over-floods, while the mass flow rate in the cycle reduces as the compressor
required more power input to push the excess refrigerant. This excess charge increased the degree of subcooling at
the condenser outlet. All these factors result in minimizing the possible amount of work that can be generated by the
expander. On the other hand, under-charging the cycle increased the expander output due to the decrease in subcooling
degree which results in two phase flow at the condenser’s outlet, causing the turbine to increase its rotational speed.
This can be observed in Figures 5a and 5b at higher outdoor temperature conditions (e.g., 25/40°C and 25/42°C) with
the highest refrigerant mass flow rate that results in higher power generation. However, under-charging the system has
reduced the cooling capacity, given the refrigerant deficit that can remove heat from the supply air in the evaporator.
The reduction in the mass flow rate with the increase in refrigerant charge is due to the decrease in compressor suction
density and increase in pressure lift which also resulted in a decrease in the volumetric efficiency.
By further investigating the test conditions 25/42 °C at higher charges (i.e., 5.6 kg), it can be observed that the expander
output was almost zero. At this point, the expander and cycle were not only over-charged, but the cycle was strained
given the higher outdoor ambient temperature. The mass flow rate here was the highest (compared to the other test
conditions) due to the higher pressure lift needed to meet the cooling demand. This added to the flooding of the
expander due to excess refrigerant, resulting in a decrease in expander efficiency, and therefore a reduction in power
generation. It should be noted that the expander was not designed for such extreme operating condition, and design
optimization has to be considered for such cases.
Figure 5c shows that the cooling capacity increased as the refrigerant charge increase. At higher refrigerant charges,
the refrigerant exits the expander at lower quality due to the higher degree of subcooling, and therefore increases
the cooling capacity in the evaporator. As the refrigerant charge exceeds the 5 kg, the capacity plateaued due to the
maximum heat transfer capability that this evaporator can provide.
Figure 5d shows the optimal system COP was found to be when operating the system with approximately 5 kg of
refrigerant charge, with minor alterations of ±0.03 kg given the changes in indoor and outdoor conditions. This result
suggested that the current refrigerant charge amount in the system (i.e., 4.8 kg) has to be increased to perform at
maximum COP. Furthermore, these results can lead to the need to establish means of controlling the refrigerant charge
in the system, especially with the new regulations for low-GWP refrigerants as well as flammable refrigerants (Fajar
et al., 2020). Finally, having a model that can predict the adequate refrigerant charge to achieve a maximum COP for a
system depending on the operating conditions, can contribute to having systems achieving their seasonal performance
targets in the future.

4. CONCLUSIONS
This paper aims to identify the optimal refrigerant charge for a variable speed residential heat pump (HP) system
retrofitted with an expander/separator using a validated mechanistic model. The model was tuned and simulated at six
different testing conditions by varying the refrigerant charge from 4.2 to 5.6 kg. The results showed that under-charging
the system increased the power output of the expander/separator, but reduced the COP of the system. This also comes
at the cost of lowering the cooling capacity, especially at higher outdoor ambient temperatures. Over-charging the
system caused the expander/separator to over-flood, significantly reducing the expander power generation. At higher
outdoor ambient temperatures, higher pressure lifts across the compressor further degraded the expander’s ability to
generate power due to increased over-flooding. Moreover, the optimal refrigerant charge, producing the highest COP,
was found to be around 5 kg with minimal differences of ±0.03 kg resulting from the different examined operating
conditions. This study can lead the way toward exploring and re-designing the expander/separator using low-GWP
and flammable refrigerants to improve the system performance at lower refrigerant charges.
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Figure 5: Effect of the refrigerant charge amount on the (a) expander power output, (b) refrigerant mass flow
rate, (c) cooling capacity, and (d) system COP, under different testing conditions (Indoor/Outdoor °C).
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